The rationale for molecular-targeted prevention of oral cancer is strong. Oral cancer is a major global threat to public health with 300,000 new cases diagnosed worldwide on an annual basis. Notably, the great morbidity and mortality rates of this devastating disease have not improved in decades. Oral cancer development is a tobacco-related multistep and multifocal process involving field carcinogenesis and intraepithelial clonal spread. Biomarkers of genomic instability, such as aneuploidy and allelic imbalance, can accurately measure the cancer risk of oral premalignant lesions or intraepithelial neoplasia (IEN). Retinoid-oral IEN studies (e.g., retinoid acid receptor-β, p53, genetic instability, loss of heterozygosity, and cyclin D1) have advanced the overall understanding of the biology of intraepithelial carcinogenesis and preventive agent molecular mechanisms and targets, important advances for monitoring preventive interventions, assessing cancer risk, and pharmacogenomics. Clinical management of oral IEN varies from watchful waiting to complete resection, although complete resection does not prevent oral cancer in high-risk patients. New approaches, such as interventions with molecular-targeted agents and agent combinations in molecularly defined high-risk oral IEN patients, are urgently needed to reduce the devastating worldwide consequences of oral cancer.
INTRODUCTION
Oral leukoplakia is the most common oral intraepithelial neoplasia (IEN) and is a precursor of oral squamous cell carcinoma (OSCC). 1,2 Oral IEN is far more prevalent than OSCC, however, and preventing OSCC from developing in oral IEN patients will depend on accurately measuring these patients' risk of oral cancer. It is now possible to measure this risk through molecular assessments. Management of oral IEN varies from watchful waiting to complete resection. Evidence suggests that complete resection of high-risk oral IEN does not prevent oral cancer, and new approaches, such as molecular-targeted agents and agent combinations, are needed. This article will focus on our current understanding of the molecular basis of oral carcinogenesis and new molecular diagnostic and risk-assessment approaches in oral IEN. A brief review of standard treatment options and their limitations as well as advances within the retinoid-oral IEN model of translational research (work that presaged molecular-targeted prevention) will be discussed. Novel molecular-targeted approaches for preventing or delaying oral cancer and its devastating consequences in patients with molecularly defined high-risk oral IEN will also be reviewed.
EPIDEMIOLOGY
Worldwide, more than 300,000 new cases of OSCC are being diagnosed annually. This aggressive epithelial malignancy is associated with severe morbidity and <50% long-term survival despite advances in treatment with surgery, radiation, and chemotherapy. The poor prognosis of oral cancer has not improved significantly over the last four decades. 3, 4 Treatment failures mainly involve second primary tumors in patients with early stage disease (stages I and II) and local recurrence and metastases in patients with locally advanced disease. 5, 6 Oral cancer can be diagnosed definitively only after becoming locally advanced in the majority of cases. 7 The ability to intervene prior to this advanced stage may improve treatment results.
Approximately 1,500 new cases of oral cancer (cancer in the oral cavity floor, tongue, hard palate, gingiva, buccal mucosa) occur each year in Norway and the other nordic countries. 8 The incidence is increasing and when comparing the incidence of different cancer forms in adults in the western world today, oropharyngeal cancer ranks 6 th . In some developing countries, almost 50% of the patients in oncology departments suffer from cancer in the oral cavity, in large part attributable to exposure to carcinogens, such as tobacco (figure 1).
CLINICAL COURSE OF ORAL CANCER PRECURSOR LESIONS
White patches (leukoplakias) of the oral cavity are frequently encountered and have a well documented potential to develop into OSCC, 9-11 with a poor 5-year survival rate. 12, 13 Five to 15% of oral white patches are histologically classified as dysplasias. 14, 15 Of these, a substantial part (15% to 20%) is reported to develop into carcinomas. 16 However, the clinical problem of identifying the subgroup of oral leukoplakia that would progress into oral carcinoma has continued to be a challenge until recently. Accurate prognostication in patients with oral leukoplakia would ensure that they receive appropriate treatment necessary to prevent occurrence and dissemination of malignant disease. 17 Furthermore, the identification of patients with particularly aggressive white patches may translate into more efficient primary preventive measures towards well known risk factors as tobacco and alcohol. 18 
TRADITIONAL PROGNOSTIC MARKERS
The traditional prognostic marker for typing and grading of oral epithelial dysplasia is still extensively used, but is of limited prognostic value. 19, 20 One important cause for this is the fact that both the intra-and inter-observer reproducibility in typing and grading of oral epithelial dysplasia is poor. 21, 22 Therapeutical intervention is only considered in cases with histologically proven transition to carcinoma in situ or carcinoma. This most likely is a contributing factor to oral cancer being diagnosed at a late clinical stage. Therefore, reliable predictive markers that may be used for making treatment decisions at an early stage of disease development are greatly needed. A number of such markers have evolved during the past decade, [23] [24] [25] [26] and some of them are finding their way into the clinical work-up of patients with oral putatively premalignant lesions. 26 
GENOMIC INSTABILITY IN ORAL CARCINOGENESIS
Substantial evidence points to genomic instability (as indicated by the finding of aneuploidy) as a cause rather than as a consequence of malignant transformation. 27 Several studies indicate that mutations in genes controlling chromosome segregation during mitosis and centrosome abnormalities play a critical role in causing chromosome instability in cancer. [28] [29] [30] [31] Chromosomal aberrations consistent with impaired fidelity of chromosome segregation during mitosis have been shown to occur exclusively in aneuploid tumor cell lines. 27 These observations point to a key role of aberrant DNA content in carcinogenesis.
Measurements of DNA content
The DNA content of Feulgen-Schiff stained nuclei can be measured and analyzed using the Fairfield DNA Ploidy System (Fairfield Imaging Ltd., Kent, UK) according to an established protocol. 32 Monolayers were analyzed using a Zeiss Axioplan II microscope (Zeiss, Oberkochen, Germany) (40x/0.65) with a 546 nm green filter and Sudbø Figure 1 . Effects of tobacco on oral carcinogenesis. Tobacco is a potent carcinogen with a well documented mutagenic effect. Chronic exposure to tobacco carcinogens in the upper aerodigestive tract causes genetic changes in the epithelial cells of the oral mucosa. Cumulative genetic changes lead to genomic instability, development of premalignant lesions, and ultimately invasive carcinoma. Parallel to the direct effect of tobacco constituents on the genome, tobacco may induce proliferative activity through activation of the EGFR receptor and its downstream mechanisms, which include MAPK and ERK1 and PKC alpha. 90 This activates cyclin D1, leading to increased proliferative activity and increased frequency of mutations, thus rendering the cell more vulnerable to permanent genetic changes that in turn may give rise to genomic instability and invasive carcinoma. At least 300 cell nuclei were measured and stored in galleries for each case, and lymphocytes were included as internal controls. Measurement of DNA content was performed on biopsies obtained initially and at follow-ups. The mean coefficient of variation of DNA content in nuclei belonging to the diploid (two copies = 2c) peak was 5.7%, range 3.3% to 7.9% for all 150 cases.
Criteria for the classification of DNA content
All specimens were coded and DNA histograms were classified in a blinded manner. In cases where multiple biopsies were obtained simultaneously, all biopsies were analyzed for DNA content and, if discrepancies existed, the most severe DNA classification was chosen. A lesion was classified as diploid if only one G0/G1 (2c) peak was present, if the number of nuclei in G2 (4c) peak did not exceed 10% of the total, or if the number of nuclei with a DNA content >5c did not exceed 1% of the total. A lesion was defined as tetraploid when its G0/G1 (4c) peak was present together with its G2 peak (8c) or when the number of nuclei in 4c peak exceeded 10% of the total. A lesion was defined as aneuploid if peaks outside of 2c, 4c, or 8c were present or if the number of nuclei with DNA content above 5c or 9c exceeded 1%. In a recent report, we demonstrated that aneuploidy in dysplastic oral leukoplakia was a powerful prognostic marker to identify which lesions would progress to carcinoma. 26 Ploidy analysis has also been shown to predict, with a considerable degree of certainty, which non-dysplastic oral epithelial lesions will progress into carcinomas. 33 In Norway, ploidy analysis is now a part Novel management of oral cancer 
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of the standard armament to evaluate oral leukoplakia. The finding of aneuploidy is mandatory to report to The Norwegian Cancer Registry (a population based comprehensive database comprising both premalignant and malignant lesions), the same way it is mandatory to report dysplasia and invasive carcinoma. Although not 100% accurate, ploidy analysis is an effective clinical tool for differentiating highest-risk (aneuploid) from relatively low-risk (diploid) oral leukoplakia.
SURGICAL RESECTION OF LEUKOPLAKIA
Our prognostic study 26 did not indicate whether standard treatment in the form of preventive excision of leukoplakia would be adequate treatment. Conceivably, local treatment in the form of surgical excision could prevent later carcinomas. In a follow-up study, we recently demonstrated that complete resection of oral leukoplakia does not prevent the development of carcinoma and that oral carcinoma arising from aneuploid leukoplakia has an aggressive clinical behaviour despite complete resection. 34 Among 150 patients, 37 had positive resection margins after initial resection of the leukoplakia and 113 had negative margins. The percentage of positive margins was similar in the di-, tetra-, and aneuploidy groups (25%, 25%, and 22%, respectively). Thirty-two percent of the patients with negative resection margins and 30% with positive resection margins developed a carcinoma (figure 2A). 34 Because of their high malignant transformation rate (70% within 3 years after diagnosis of aneuploid leukoplakia; figure 2B), high rate of relapses (figure 2C), and high lethality (30% mortality rate within 3 years; figure 2D ), aneuploid leukoplakias should be viewed as true carcinoma and treated accordingly. Although we previously reported that rare, aggressive oral erythroplakia with aneuploidy has a high mortality risk despite complete resection, 35, 36 this was the first report of cancer mortality risk in patients with the far more common premalignant lesion oral leukoplakia. The failure of current treatment to avert cancer demonstrates an unmet medical need in these patients and calls for new treatments and preventive measures. [37] [38] [39] [40] 
MULTIFOCALITY OF ORAL CARCINOGENESIS
Oral carcinogenesis is a complex multifocal process of multiclonal field carcinogenesis and intraepithelial clonal spread. [41] [42] [43] [44] The multifocal nature of early oral carcinogenesis may hinder local treatment modalities. 40, 41, 45, 46 In a recent study, we demonstrated that cancer developed in the same location as did the preceding leukoplakia in 37 of 47 oral cancer patients (79%). 34 By ploidy status, cancer developed in the same location as the preceding leukoplakia in 100% of the 5 diploid patients (3 in the buccal mucosa, 2 in the floor of the mouth; figure 3A) , 47 in 81% of the 16 tetraploid patients (10 of 11 carcinomas at the lateral border of the tongue, and 3 of 5 carcinomas in the floor of the mouth; figure 3B), and in 73% of the 26 aneuploid patients (13 of 15 carcinomas in the floor of the mouth, and 6 of 11 carcinomas in the lateral border of the tongue; figure 3C ). Ten (21%) of the oral carcinomas developed in a location different from the preceding leukoplakia ( figure 3D ). The mean distance between these carcinomas and distant prior leukoplakias was 4.5 cm, with a range of 3.0 cm to the greatest distance of 8.5 cm.
CHEMOPREVENTION IN ORAL ONCOLOGY
Chemoprevention is the use of pharmacologic or natural agents that inhibit the development of invasive cancer. These function either by blocking the DNA damage that initiates carcinogenesis or by arresting or reversing the progression of premalignant cells in which such damage has already occurred. 48 With the rapid advances in understanding of what causes cancer and the consequent ability to provide genetic diagnosis of susceptibility, there is a need to find agents that can effectively revert, stop, or at least delay the carcinogenic process. [49] [50] [51] For cancer chemoprevention, the definitive question -whether an agent reduces the incidence of invasive cancer -typically takes many years, thousands of phase III trial participants, and a substantial financial effort to answer.
In search of quicker, preliminary answers, clinical prevention researchers are increasingly focusing their efforts on IEN, a group of cellular and genetic abnormalities that have been shown to be associated with invasive cancer at nearly every solid tumour site. 40, 52 A large number of putative intermediate biomarkers of prognosis or treatment effect have been investigated, but none have been put into clinical use. Ultimately, the long-term effect of a chemopreventive strategy will need to be evaluated through prospective randomized trials and evaluated by the only definitive endpoint for prevention of cancer, the incidence rates of new carcinomas.
Retinoids are thought to inhibit the carcinogenic process by interacting with several classes of intranuclear retinoid acid receptors. Clinical trials involving retinoids have established the proof of principle that the use of chemical agents inhibit, stop, or even reverse the carcinogenic process of oral cancer, although the exact mechanism by which they exert their cancer preventive effect is not known. Hence, the retinoids have become the archetypal chemopreventive agents for oral premalignant lesions. Retinoids have been shown to reverse leukoplakia, 53 prevent oral carcinoma from oral leukoplakia, 54 and normalize histological alterations signaling increased risk of oral cancer from oral leukoplakia. 55 In addition, they have been shown to reduce second primary carcinomas of the head and neck when given in high doses, 56 but these results have not been reproduced in low-dose regimes of 13-cis-retinoic acid or other types of retinoids. 57 It has been speculated that the lack of effect of retinol on retinoic acid receptor-β expression may be due to the suppressive effect of tobacco smoke constituents on retinoic acid receptor-β expression and/or altered cellular metabolism of retinol to retinoic acid and its isomers in smokers. 58 In addition to the above-mentioned groundbreaking trials with retinoids in monotherapy regimens, retinoids have been employed in combinatorial Sudbø 
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regimes with other substances, such as interferon-α and α-tocopherol. 59 However, in a recent study using combinatorial treatment with 13-cis retinoic acid, interferon-α, and α-tocopherol in laryngeal dysplasia, histological response was not accompanied by reversal of the underlying genetic aberrations. 60 In clinically relevant doses, retinoids have tangible side effects, most notably mucocutaneous reactions, headache, xerophthalmia, and adverse alterations in lipid profiles. These side effects, which are unacceptable in low-risk populations, may be acceptable in selected groups of patients with an extremely high risk of cancer.
POSSIBLE TARGETS IN MOLECULAR-BASED THERAPY FOR ORAL CANCER PREVENTION

Cyclooxygenase-2 (COX-2) expression in oral mucosa
We have recently demonstrated that COX-2 seems to be selectively upregulated in DNA aneuploid oral dysplastic lesions (figure 4). 61 Of 30 cases with biopsies from clinically normal mucosa, all had a normal (diploid) DNA content. COX-2 expression was observed in oral epithelial dysplastic lesions from 21 patients who had aneuploid lesions and in none of 28 patients with diploid lesion. Of the 30 patients with carcinomas, 28 had aneuploid lesions and 2 had diploid lesions. These findings indicate that COX-2 is upregulated during malignant transition of the oral mucosa, Novel management of oral cancer 
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and it is in some manner related to the development of genomic instability. 62 
Epidermal growth factor receptor (EGFR) expression in oral mucosa
As recently reviewed by Pomerantz and Grandis, 63 EGFR-specific tyrosine kinase inhibitors (TKIs) are promising targets for drug development in head and neck cancer. A major advantage of TKIs over other classes of EGFR blockers is that TKIs are small molecules given orally. EGFR is over-expressed in the vast majority of oral premalignant lesions and oral cancers and correlates with advanced stage and decreased survival. [63] [64] [65] [66] EGFR family member HER2 (ErbB-2) also is over-expressed in oral carcinogenesis.
COX-2 and EGFR signaling interactions
Torrance and colleagues 67 made a major contribution to the field of cancer chemoprevention when they presented strong evidence supporting molecular-targeted approaches with combined agents. EKB-569 (an irreversible inhibitor of the intracellular tyrosine kinase domain of EGFR) and the non-selective COX inhibitor, sulindac, demonstrated major activity in a 2 x 2 factorial design involving an animal model of intestinal neoplasia. This led to recent follow-up studies of the COX-2-selective inhibitor celecoxib combined with EKB-569, which showed similar results to the sulindac-EKB-569 data in the same in vivo model. Celecoxib combined with EKB-569 produced highly significant reductions in polyp number and in survival when compared with the diet only control group or with the two groups receiving EKB-569 or celecoxib alone. The molecular basis of cross talk between EGFR signaling and COX-2 metabolic pathways is becoming more clear ( figure 5 ).
Other data showing the clinical promise of the combination of EKB-569 plus celecoxib include the following: the combination of a HER2 antibody plus a COX-2 inhibitor, tested in vivo, was more active than either one alone; 68 COX-2/prostaglandin E2 (PGE2) can increase EGFR activity in vitro and in vivo; 69, 70 EGFR and HER2 can regulate COX-2 transcription (via MAPK/AP1); 71, 72 and EGFR TKIs can downregulate COX-2. 73, 74 Recently, Chen et al. 75 reported in vitro studies of the interactions of celecoxib with two reversible EGFR TKIs in several head-and-neck cell lines (including the 686 cell line from the oral cavity). They reported significant combined activity in all cell lines, including synergistic growth inhibition in cell line 686. The combined agents acted mainly on the G1 phase of the cell cycle and on the induction of apoptosis, and had strong antiangiogenic activity. Furthermore, the combination (versus the single Sudbø Since inhibitors of EGFR and COX-2 are cytostatic and oral cancer involves alterations in more than one signaling pathway, neither agent, targeted specifically and solely, can be expected to completely block tumor formation or progression. Taken together, these findings suggest that inhibiting EGFR or COX-2 would be promising strategies for preventing and treating head and neck cancer.
Non-steroidal anti-inflammatory drugs (NSAIDs)
Epidemiological studies have demonstrated the anti-carcinogenic efficacy of NSAIDs in a number of malignancies of the alimentary tract, most notably colorectal, gastric and esophageal cancer. To a large extent, the cancer protective effect of NSAIDs seems to be conferred through inhibition of COX-2. [76] [77] [78] [79] [80] However, NSAIDs have opposing effects on COX-2 expression. They can inhibit cytokine-induced COX-2 expression, while NSAID alone can upregulate COX-2. Despite the fact that abnormally elevated COX-2 is associated with resistance to cell death, induction of apoptosis by certain NSAIDs is accompanied by upregulation of COX-2 expression. 81 It has been shown that NSAIDs bind to and thereby activate peroxisome proliferation activation receptor (PPAR) isoforms alpha and gamma. 82 Substances that were used by the patients studied in this report, specifically indomethacin, ketoprofen and ibuprofen, act as PPAR gamma agonists. These NSAIDs induced COX-2 expression through the PPAR-response-element site. 83, 84 The agonist effect of NSAIDs on the PPAR gamma system may induce apoptosis through the activation of caspases. 85 Anti-inflammatory effects of NSAIDs may induce expression of phase II detoxification or stress-responding enzymes, which may confer cellular resistance or adaptation to oxidative stress. 86 Recently, attention has been focused on the anti-proliferative activity of NSAIDs in cancerous or transformed cells, mediated through interaction with PPAR gamma, irrespective of their ability to inhibit COX-2. 87, 88 
CONCLUSION AND FUTURE DIRECTIONS
Oral cancer is a disfiguring, potentially fatal disease that continues to rise in incidence among younger and older people alike. In some developing countries, almost 50% of all oncology patients have oral cancer. Controlling the devastating, widespread consequences of oral cancer will require interventions in at-risk persons ideally before the disease becomes invasive but certainly before it becomes locally advanced or metastatic.
Chemopreventive measures are likely to have an increased impact on treatment of oral cancer, as an increasing number of molecular targets that may lend themselves to intervention emerge. Aneuploidy clearly identifies a subset of oral leukoplakia patients who are at extreme risk of developing biologically aggressive carcinomas despite complete resection. Therefore, aneuploid leukoplakia should be regarded as frank carcinoma. The future assessment of oral leukoplakia may involve the routine assessment of ploidy in persons with oral leukoplakia. It is even possible that ploidy analysis could be used for screening of apparently clinically normal mucosa in persons or populations thought to be at risk, such as heavy smokers. The failure of current treatment to control the consequences of aneuploid oral leukoplakia shows that patients with such lesions have an unmet medical need. These patients urgently need new, effective treatment modalities, such as cancer prevention with molecular-targeting agents, which in this aggressive disease and mortality risk setting would be tantamount to cancer therapy. 89 Randomized trials in high-risk patients will make it possible to evaluate the effect of intervention against a definitive endpoint (development of cancer) within a reasonable time span. Such trials will also make it possible to establish reliable intermediate biomarkers for cancer progression, stratification for treatment, and treatment effect.
As our understanding of the leading causes of oral cancer increases, the boundaries between so-called premalignancies and frank carcinomas become less clear. Prevention in patients with oral IEN marked molecularly for a very high risk of cancer and death is tantamount to cancer therapy, further blurring the distinction between chemoprevention and chemotherapy. 18 An acceptable level of side effects of prevention in this oral IEN setting may be comparable with acceptable levels in oral cancer therapy. Indeed, cancer prevention and therapy seem to be converging in the molecular-targeted approach with celecoxib and EKB-569 in aneuploid oral IEN patients, which may herald the first major improvements in the control of oral cancer in many decades.
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